Abstract-We investigated the temperature dependences (TDs) in the range of 290-423 K for the Hall constant R H and the Hall carrier mobility μ n (σ R H ) in semi-insulating Cd 0.9 Zn 0.1 Te:In (CZT) crystals. As-grown, CZT material has nonequilibrium distributions of native and impurity-related defects. Thus, before taking any measurements, the samples were kept inside the test chamber in the dark at 423 K to reach an equilibrium state at T < 423 K. For all the tested samples, the R H TD could be described by two activation energies. At the transitional point, the TD of the carrier mobility also changes from "normal" at high temperatures to "exponential" at low temperatures. The latter is a result of the collective effect of drift barriers due to microinhomogeneity. Therefore, only the high-temperature activation energies can be assigned to the ionization energies of the compensated deep donors (ε D ). 
I. INTRODUCTION
T HERE is a great deal of interest in semi-insulating CdTe and CdZnTe due to the high potential for practical device applications. This interest has stimulated a broad scientific research and technological development effort [1] . The primary interest has been devoted to In-doped Cd 0.9 Zn 0.1 Te (CZT) material with In concentrations sufficiently high to achieve close to intrinsic carrier concentrations and thus a very high material resistance [2] - [5] . Typically, electrical measurements are limited by the temperature dependence (TD) Y. Nykoniuk is with the National University of Water Management and Nature Resources Use, Rivne 33028, Ukraine (e-mail: semirivne@gmail.com).
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of the resistivity and carrier mobility (usually obtained on lowresistive crystals). A mobility of μ = 1100 − 750 cm 2 /V· s for electrons was identified in the region of 290-423 K [5] . We note that, it is rather difficult to measure reliable Hall signals for samples with resistance of ∼10 11 . Such treatment of the mobility is justified, because in semi-insulating samples, comparable values for the electron mobility are also obtained by the time-of-flight method [6] . In this case, as in other nonequilibrium experiments, the mobility of the nonequilibrium (photo-) carriers can substantially differ from the equilibrium (dark) carriers [7] . Thus it is important to study the TD of the equilibrium carrier concentration and the mobility using Hall measurements.
II. EXPERIMENT
Parallelepipeds samples with dimensions of (12 × 2 × 1.5) mm 3 were fabricated from CZT:In ingots grown by the Bridgman technique using the following two different methods: 1) under a high pressure of inert atmosphere [8] (the indium-dopant concentration in the melt was C o = 4 × 10 17 cm −3 ) and 2) in a closed container (with C o = 5 × 10 17 cm −3 ) [9] . In total, we studied 26 semiinsulating samples fabricated from 19 ingots. Current-injecting contacts and the two pairs of Hall symmetrical contacts were made by copper precipitation from a CuSO 4 drop [10] followed by (In-Sn) alloy soldering. Measurements were carried out under direct current conditions and in a magnetic field with an induction of 0.5 T. Signals were measured by an electrometer with an input resistance of 10 12 and sensitivity of 0.1 mV. We investigated the TD of the dark Hall coefficient R H and dark Hall mobility μ = σ R H , where σ is the specific conductivity of the current carriers at 290-423 K. The rate of heating and cooling of the samples during the measurements was (2-3) K/min. In addition, the influence of the previous photoexcitation at 290 K on the dark electron mobility was studied. For this purpose the samples were irradiated with white light (intensity ∼20 mwt/cm 2 ) through selective filters, which provided spectral transmission band in 0.8-1.5 μm range.
III. RESULTS
1) Right after device fabrication, the samples' resistivity, except for some of the last-to-freeze ingot sections, was measured at T = 290 − 295 K; the values of (2 × 10 8 − 2 × 10 10 ) · cm were obtained. At the same time the Hall signals at this temperature were close to the level corresponding to the value of μ ≈ 10 cm 2 /V· s. In all samples, according to Hall voltage sign, the electrons were the majority carriers.
0018-9499 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. (Fig. 2) , depending on the particular sample. The multiplicity increase of values μ n and R H and there are small noticeable changes of the resistivity (ρ = R H /μ) during the process of holding the sample temperature steady at 423 K. At room temperature, these changes are more substantial and the resistivity of different samples lies in the range from 10 9 to 3.5 ×10 10 · cm. After repeating cooling and heating cycles, no isothermal EC relaxations were observed. Thus, we can assume that at T < 420 K, the state of the point-defect system (PDS) in these samples is close to the equilibrium. This statement remains valid as long as samples stay in the dark (i.e., not undergoing photoexcitation). 1) EC TDs for two samples (Fig. 3 ) transferred previously into an equilibrium state; the results are typical for all the samples studied here. As seen, the dependence of lgR H = f (10 3 /T ) can be described by two exponential functions with different activation energies: the low-temperature ε 1 and high-temperature ε D . At the point P, where a change in the activation energy takes place, there is also a change in the nature of the TD of the carrier mobility-from weak, "normal," at high temperature to "exponential" with activation energy ε b at low temperature (hereinafter this transition point will Fig. 3 . TDs of the Hall coefficient R H and Hall electron mobility μ n for two CZT:In samples. Fig. 4 . TD of the Hall electron mobility for sample 138: 1-after 60 min temperature holding at 423 K followed by photoexcitation at 290 K; 2-after photoexcitation in the equilibrium state; and 3-in the equilibrium state.
be designated as the "barrier"). In different samples, the value ε D lies within (0.50-0.78) eV and the value ε b is within (0.05-0.35) eV. However, as a rule, a higher ε b value occurs in samples with a large difference between ε 1 and ε D . 2) The situation changes radically when samples are held at a certain time at 423 K and then undergo photoexcitation at room temperature. For illustration, a selected sample, in which an equilibrium state was achieved after 300 min of heating at 423 K (Fig. 4) , is chosen for the experiment. It is seen that the photoexcitation leads to a strong mobility decrease and an increase of ε b : 1-0.48, 2-0.18, and 3-0.09 eV. Thus, the greater the deviation from the equilibrium state, the stronger the photoexcitation effect on the dark value for the Hall electron mobility. Such photoexcitation influence on the crystal PDS can be characterized as a photochemical reaction.
IV. DISCUSSION
It is reasonable to explain these two activation energies of the TD for R H as follows: in a semi-insulating n-type crystal, there are two types of deep donors (D 1 and D 2 ) with different ionization energies (ε D1 and ε D2 ) and compensating acceptor. They are connected through the electroneutrality equation
The calculations were performed for the temperature interval (280-440) K and for ionization energies of donors in the interval (0.3-0.75) eV. We find that: 1) if ε D2 -ε D1 < 5 kT, then the electron concentration TD is described by one activation energy and 2) two activation Therefore, a model that provides for the existence of a microinhomogeneity in the spatial distribution of deep donors of only one variety or of the compensating acceptor is proposed. Based on this assumption, microareas will occur with differing EC, as compared to the EC of the crystal matrix, leading to potential relief fluctuations. Such fluctuations may, under certain conditions, be the cause of the carrier mobility exponential growth with increasing crystal temperature [11] - [13] .
In semi-insulating crystals at high temperatures, the screening length L D , and hence the size of space charge region (SCR) can achieve micrometer values, and thus provide the conditions for SCR overlap even at a low fluctuation concentration. Fig. 5 shows the simulated fluctuations of the conduction band minimum in the vicinity of neighboring overcompensated (excess of acceptors or shortage of donors) microareas. Correspondences of the model and experiment (Fig. 3) provide the following deductions.
1) The state 1 in Fig. 5 corresponds to the low-temperature part of Fig. 3 . In this state an energy barrier for carrier drift (drift barriers) is formed with height ε b , which ensures an exponential growth of the carrier mobility with an activation energy ε b . 2) The state 2 in Fig. 5 corresponds to the high-temperature part of Fig. 3 . In this state, the drift barriers disappear and the carrier mobility is weakly dependent on temperature. 3) Point P in Fig. 3 corresponds to the transition between states 1 and 2. As shown in [13] , potential relief fluctuations, manifested through drift barriers, change the activation energy of the carrier-concentration TD. Therefore, we assume that a hightemperature activation energy ε D is the true donor ionization energy. At the same time, we describe the relationship between At point P, where the SCR overlap disappears, the screening length L D should be commensurate with the distance between the fluctuation centers l f . Thus, putting L D = 0.5l f , we can estimate the average distance between the fluctuation centers. The screening length is calculated through the crystal temperature T , the concentration of free charge carriers n, and the material dielectric permittivity ε according to the formula
For sample 2 ( Fig. 3) , at point P (T = 365 K, n = 2.2 × 10 9 cm −3 , and ε ≈ 10), the calculation gives L D = 0.9 × 10 −2 cm and l f = 1.8 × 10 −2 cm. Our estimate for the fluctuation concentration is
For the calculated SCR parameters, the influence of the SCR on the carrier mobility is important even in state 2 ( Fig. 5) , because almost half of crystal volume can be described by this state. The carrier scattering at an isolated SCR [14] , together with the mechanism of scattering by lattice vibrations, is the principal causes for the weak TD of the mobility.
Some questions about the nature of deep donors, which control the conductivity in semi-insulating CZT:In crystals, remain. But the photochemical reaction displayed in these crystals may indicate that the donors are complex formations (complexes), which can include both impurity atoms (InCd) and intrinsic defects, and are distributed nonuniformly in the crystal. Due to recharging centers and their radiation-accelerated diffusion [15] , PDS spatial microheterogeneities are formed under photoexcitation.
V. CONCLUSION
The impurity-defect system of as-grown semi-insulating CdZnTe:In crystals is in a nonequilibrium state, which is manifested in irreversible changes of the ECs (R H , μ) for heating in the 290-423 K range. Temperature holding of the samples at 423 K for sufficient time provides for an equilibrium PDS state at lower temperatures.
The TDs of R H (two areas with different activation energies) and μ (exponential growth with increasing temperature) indicate: 1) the presence of potential relief fluctuations due to spatial microinhomogeneity of the PDS and 2) electron drift barriers caused by different SCRs. Sample illumination with light at the fundamental absorption edge contributes to the microheterogeneity, which is manifested in a rise of the drift height barriers.
